Concept
This article proposes a new concept for dealing with the aforementioned major diving challenges by using an omnidirectional ASV with the ability to follow the diver and act as a private satellite, thus significantly increasing diver safety, alleviating underwater navigation difficulties, and enabling monitoring from the surface. Since the ASV is tracking the diver at all times, i.e., keeping its position above the diver, as shown in Figure 1 , the following set of functionalities is accomplished.
• Since the ASV carrying the international dive flag is always above the diver, it expands the diver's safe underwater operation area. There is no need for the conventional marking of the diver area by using static buoys, and physical tethering with the buoy is avoided since the ASV uses acoustic localization of the diver for tracking.
• A vertical acoustic communication channel of minimal distance is formed, ensuring reliable communication and avoiding multipath problems. This also allows reliable transmission of global positioning system (GPS) coordinates to the diver, thus providing the diver with absolute GPS coordinates on his or her tablet.
need for interaction with divers arises. Even though human divers today are increasingly being replaced with autonomous underwater vehicles in tedious tasks such as mapping and searching, there are still many applications that require a human presence underwater. These applications are mostly related to unconventional, nonrepetitive tasks such as underwater interventions.
Underwater ROVs have been commonly used in tandem with divers, mostly for the purpose of monitoring divers from the surface. However, the use of autonomous marine vehicles has taken place only recently. The list of autonomous underwater robots used for diver-robot applications is fairly short:
• AquaRobot [3] , developed at McGill University, initially used as an amphibious robot for exploring underwater environments, was used to track divers based on visual detection of their motion [4] .
• The BUDDY AUV, developed for the purposes of the European project Cognitive Autonomous Diving Buddy (CADDY, http://caddy-fp7.eu/), is the first AUV for interacting with divers by using an underwater touchscreen. Tracking and navigating divers using ASVs was first addressed by the European project Cooperative Cognitive Control for Autonomous Underwater Vehicles [5] . A fleet of three ASVs was deployed, and successful diver-tracking and -guidance experiments were performed by using single range measurement from the vehicles [6] . This project was a stepping stone toward the CADDY project, under which the results presented in this article were obtained. It should be mentioned that other efforts have been made toward robot-diver interaction, such as [7] ; however, these were done only in the simulation environment, without addressing the issues of diver detection or localization. While using acoustic positioning systems to localize divers is the most straightforward method, visual [4] , [8] and sonar [9] detection can be found in the literature.
Contributions
The main contributions of this article are both in technical and control aspects as well as benchmarking and experiment design and execution. The first contribution is the development of the diver-tracking system consisting of an autonomous surface marine vehicle and an underwater diver interface used for two-way communication between the diver and the surface vehicle. The complete system is described in the next section. The second contribution is the onboard diver-tracking algorithm that uses intermittent acoustic diver position measurements fused with a diver motion estimator. The models, control, and tracking algorithms were initially described in a previous paper by the authors [10] , but they are also included in this article for completeness. The third contribution is the design of a benchmark scenario with associated metrics for human-robot tracking performance measurement in the underwater environment. The benchmark scenario enables replicability of experiments in real conditions with human divers. Finally, the fourth contribution is the design and execution of an experimental plan that allows the identification of uncertainties introduced by the human diver, environment, unmodeled dynamics, and acoustic sensors by using tracking performance metrics.
Diver-Robot System Description
The overall diver-tracking system presented in this article consists of three main components: 1) the diver-tracking marine ASV, 2) the diver, and 3) an underwater tablet carried by the diver, serving as the diver's interface. The components are described in the following section, while the communication scheme between them is shown in Figure 2 .
ASV-PlaDyPos
The ASV PlaDyPos (named after its initial purpose as a platform for dynamic positioning), Platform for Dynamic Positioning (PlaDyPos) acts as an ASV and carries the international flag marking underwater activity. It has four thrusters in an "X"-shaped configuration, allowing omnidirectional motion, i.e., motion in the horizontal plane under any orientation. PlaDyPos, shown in Figure 3 , has been developed at the Laboratory for Underwater Systems and Technologies at the University of Zagreb Faculty of Electrical Engineering and Computing, Croatia, and it is 0.35-m high, 0.707-m wide and long, and weighs approximately 25 kg. The control computer (isolated from environmental disturbances inside the platform hull) is in charge of performing control and guidance tasks (dynamic positioning, path following, and diver following) and all the data processing. Apart from the compass, batteries, and central processing units the PlaDyPos payload relevant to the diver-tracking experiments consists of • a ublox Neo 6P GPS for determining position and, indirectly, the diver position in the horizontal plane • a Tritech MicroNav ultrashort baseline (USBL) used to determine the position of the diver relative to the vehicle, with integrated acoustic modem • a Bullet M2 wireless modem used for two-way communication with the ground station, thus making PlaDyPos a router from the diver to the surface station where the diving supervisor is stationed. The USBL, shown in Figure 3 (b), is used simultaneously for localization and two-way data transmission via an acoustic link (the second modem is mounted on the diver). While diver localization is the main topic of interest in this article, it should be mentioned that the acoustic link can be used to transmit messages as well as diver position based on USBL and GPS measurements from the vehicle.
Diver
The diver is mounted with an acoustic modem that is used for localization on board the surface vehicle as well as to communicate with the modem on the surface vehicle. As shown in Figure 2 , the diver-mounted acoustic modem is connected to the RS232-Bluetooth converter, which allows transmission of the data via Bluetooth link. Our experiments have shown that Bluetooth communication has a range of about 15 cm underwater, which allows the diver-mounted Bluetooth module to establish a connection with another Bluetooth device in close proximity, such as the one on the tablet in the waterproof casing. Figure 2 . A schematic representation of the communication structure between the surface robot, the diver, and the underwater tablet. The ASV is linked to the diver-mounted modem via acoustic link, while the modem communicates via RS232 with the Bluetooth modem that connects to the underwater tablet through the Bluetooth connection that has proved to work underwater at short distances. The overall diver-tracking system presented in this article consists of three main components.
Underwater Diver Interface
The diver carries an underwater interface (a commercially available tablet) sealed in a custom-made waterproof casing that has been tested in a pressure chamber for depths up to 50 m. Larger depths can be achieved but at the expense of a more robust and cumbersome design. The diver-mounted Bluetooth modem is placed on the waterproof casing, enabling a Bluetooth connection with the tablet without compromising the structural integrity of the casing itself. A tablet with an inductive touchscreen is integrated in the overall system, allowing the diver to send feedback to the surface platform via an acoustic modem. A commercially available stencil has been modified to preserve touchscreen functionalities at rated depths. An Android application that has been developed for this purpose has the following set of functionalities.
• The diver position transmitted from PlaDyPos is directly overlayed on an integrated Google map, allowing the diver absolute localization, as is possible on dry land where a GPS signal is present.
• Two-way communication with the surface in the form of predefined or custom short messages is enabled, as well as a single-touch alert message in case of hazards.
• Waypoints, tracks, or marked areas can be sent from the surface and displayed directly on the diver's tablet, and thus the diver can visit areas of interest sent from the ground station. A diver carrying the tablet in the underwater casing on dry land during one of the experiments in Croatia is shown in Figure 4 .
Mathematical Modeling

Modeling the ASV
Dynamic Model
Following the notation shown in Figure 5 , a dynamic model of the platform in the horizontal plane can be described using the velocity vector , u v r T o = 6 @ where , , u v and r are the surge, sway, and yaw speed, respectively; and the vector of actuating forces and moments acting on the platform ,
X Y are the surge and sway forces and N is the yaw moment [11] . Both vectors are defined in the body-fixed (mobile) coordinate frame. The uncoupled dynamic model in the horizontal plane is given with (1) , where M is a diagonal matrix with mass and added mass terms, and D ô h is a diagonal matrix consisting of nonlinear hydrodynamic damping terms
Since the platform is designed to be symmetrical with respect to the x and y axes in the body fixed frame, the following forms of the two matrices are adopted:
Kinematic Model
The kinematic equations for the platform motion in the horizontal plane on the sea surface is given with (2) , where x and y are the position and } is the orientation of the platform in the Earth-fixed coordinate frame. The rotation matrix ( ) R } is given with Figure 5 . The body-fixed and Earth-fixed coordinate frames attributed to the ASVs. This notation is usually used in marine vehicles, as described in [11] . The platform is overactuated, i.e., it can move in any direction in the horizontal plane by modifying the surge and sway speed, while attaining arbitrary orientation.
Actuator Allocation
The actuator allocation matrix U gives the relation between the forces exerted by the thrusters i
= 6 @ and the forces and moments x acting on the rigid body. The actuator configuration of the autonomous surface platform for diver tracking is given in Figure 6 , where .
The allocation matrix is given with 
The Diver Model Determining a simple dynamic model of a diver is practically impossible. For the specific case of the ASV tracking a diver from the surface, a kinematic model of the diver projection on the surface horizontal plane will be sufficient. For that reason, the following states are defined: xD and yD are the positions and D } is the orientation of the diver in the Earth-fixed coordinate frame, while , , u v D D and rD are the diver' s linear and rotational velocities in the body-fixed frame, respectively. The kinematic model of the diver assumes that the diver cannot swim in the sway direction, i.e., v 0 D = which leads to the kinematic model given with (5), where the diver' s rotation matrix RD is given with (6) .
;
.
To enhance the estimation of the diver position, the assumption is made that the diver' s surge speed uD is constant, and the yaw speed rD has some dynamics determined with a time constant . TD This results in the simplified dynamic model given with (7)
The Tracking Model The main requirement in the tracking task is to ensure that the distance between the platform and the diver in the hori-
Control, Tracking, and Sensor Fusion Algorithms A control and guidance structure is the most common cascade control structure applied for marine vehicles. The low-level control loop is in charge of speed control and takes the outputs from the upper (guidance) level as its references. Proper tuning of the low-level controllers is a prerequisite for the guidance control-loop tuning [12] , whereas, in general, the guidance level is in charge of waypoint following, path and trajectory tracking, and dynamic positioning. For the described application, it is in charge of diver tracking, as shown in Figure 7 .
Speed Controller Design
For the low-level speed controller, we have chosen a proportional-integral (PI) controller in the form where
6 @ is the desired linear and angular speeds of the platform, diag , , = which results in the feedback linearization procedure, where measured or estimated speeds are used to compensate for the nonlinearity in the process.
Controller parameters KP and KI can be calculated based on the desired closed-loop characteristic equation, as shown in [13] . These parameters will naturally depend on the parameters of the dynamic model that have to be identified. The dynamic model parameters of the platform that is addressed in this article have been identified using the identification method based on self-oscillations reported in [14] .
Guidance Controller Design
Since the platform is overactuated, it can move in a horizontal plane while keeping an arbitrary heading. For this reason, the high-level guidance controller is divided into the heading controller and the tracking controller design.
Heading Controller
For the heading controller, a PI structure is chosen since it compensates for all environmental disturbances in the yaw degree of freedom. In addition, the integral action will compensate for all the unmodeled dynamics and ensure convergence of the heading to the desired value .
} ) The controller can be written in the form
where KP} and KI} are controller parameters chosen so that the desired heading closed-loop dynamics are achieved.
Tracking Controller
With the tracking model given with (8) , the PI control action in the form
where
I h are PI gain matrices, respectively, will ensure convergence of the distance d to the desired value .
o is the feedforward action that can improve the behavior of the tracking closed loop. The proposed PI controller will ensure convergence even without the feedforward action, i.e., , . 0 0 10
@ However, tracking may be improved if feedforward action in the form (12) is introduced
The proposed feedforward action requires the estimation of the diver surge speed and heading since they cannot be directly measured.
Sensor Fusion
Two extended Kalman filters are implemented in the system, as shown in Figure 8 . Their main purpose is to fuse measurements available at different update rates to ensure state estimations at 10 Hz, as required by the control and tracking system. The PlaDyPos state estimator uses the kinematic (2) and dynamic model (1) of the vehicle to provide speed and position estimates for the control and tracking system based on the input GPS and inertial measurement unit (IMU) measurements as well as the commanded thrust vector .
x
The diver state estimator uses intermittent USBL measurements, PlaDyPos states, and the simplified diver model given with (5) and (7) to estimate tracking distance and speed and orientation of the diver. Since USBL measurements are often not available due to presence of air bubbles exhaled by the diver, this estimator ensures continuous estimates required for the diver-tracking algorithms.
Benchmark Scenario for Diver Tracking
Performing real-life experiments that include humans and robots is always a complex task. The unpredictability of human nature does not allow replicability of experiments, which is why careful planning and preparation is always required. To validate and replicate diver-tracking experiments under different environmental conditions, we define a benchmark scenario that includes tracking a predefined, georeferenced, and underwater transect. A 50-m rope was laid on seabed at the test site and georeferenced using precise GPS and USBL measurements. During the experiments, the diver was required to follow the transect in both directions (up and down), with the instructions to deviate as little as possible. While the diver was tracking the transect, the ASV was tracking the diver using the acoustic positioning sensor.
Let PlaDyPos h be the position of the PlaDyPos, while h is the measured position, and h u is the estimated position of a generic agent that is being tracked. We can then define the measure of performance of the tracking system in the form of the mean tracking error given with (13) , where N is the number of samples
Similarly, the tracking error for agent position estimates can be defined with . d h û h In the ideal case, this measure should converge to zero, but, due to a number of factors such as modeling uncertainties, measurement errors, and disturbances, this is not the case.
This metric can be used to quantify uncertainties that are present in the human-robot system, given the assumption that the agent is performing perfect tracking. These uncertainties are described in the next section.
Designing the Experiment
The main goal is to test the diver-tracking capabilities of the system, which is influenced by a number of sources of uncertainties that can compromise repeatability of results. These effects are even more emphasized in the stochastic marine environment. The existence of experimental uncertainties (Table 1 ), which are difficult and even impossible to model, can be attributed to one of the sources categorized in the following four groups.
Environmental uncertainties include difficult, often impossible to model, influences of wind, waves, and sea currents, whereas environmental influences can be eliminated by performing tests in laboratory conditions, demonstrating the robustness of the performance of the system in the field is a necessity.
Given that the surface vehicle and the diver estimator are described using a simplified model structure with uncertain or changing parameters, unmodeled dynamics present another source of uncertainty that influences repeatability of experiments and the tracking error itself. This category includes also uncertainties inherent to mechanical components, unpredictable faults that can occur (most often in actuators), and basic navigation sensors onboard mobile robots, such as the compass, the GPS, and the IMU.
Acoustic sensor uncertainties are most emphasized in the acoustic communication and positioning system, and they are caused by complex acoustic channel parameters, such as water temperature and salinity. Additional effects that compromise acoustic channel include multipath effects and update rates that vary depending on the acoustic channel information payload size. The accuracy of the used sensor is specified in [15] as !0.2 m in range calculation and !3° for bearing and elevation measurements. This accuracy analysis comes from a nearly static scenario with precise calibration and good acoustic channel conditions without multipath or air bubble interference. At a 10-m distance, the expected position noise would therefore be around !0.5 m. Given that the USBL is mounted on a mobile platform (under the influence of waves during experiments) and the modem is mounted on the mobile agent, additional performance degradation of the acoustic sensor compared with the nominal accuracy specifications is expected. The greatest source of uncertainty is definitely the human diver. Even though the diver can be instructed to execute preplanned missions required in an experiment, there is always the issue of bubble emission, due to breathing, which may obstruct the communication channel. In addition to that, diver motion can cause different positioning of the modem relative to the USBL, influencing the quality of the acoustic communication and sometimes causing obstruction of the acoustic line of sight.
To perform the structured experiments with the diver, a step-by-step experimental plan is designed to examine the influence of the abovementioned uncertainties.
Setup 0 Simulation Experiments [ Figure 9(a)]
Both the surface vehicle and the diver are simulated to test the implemented algorithms for errors and to determine the best possible performance of the diver-tracking system. This step naturally eliminates any type of uncertainty.
Setup 1 VD and PlaDyPos [Figure 9(b)]
The platform, placed in a real environment, tracks the VD that is simulated using a simple mathematical model given with (7) . While this experimental setup eliminates acoustic sensor and diver related uncertainties, it also allows reliable testing of PlaDyPos behavior under different measurement update rates and performance evaluation of the diver estimator onboard PlaDyPos in real environmental conditions.
Setup 2 ROV and PlaDyPos [Figure 9(c)]
In this real-environment setup, the human diver is replaced with an ROV with an acoustic modem pinging the USBL on the PlaDyPos, and thus introducing the real acoustic channel uncertainties but eliminating those caused by the diver. This setup is designed to identify potential deterioration in system performance due to the acoustic channel characteristics.
Setup 3 Diver and PlaDyPos [Figure 9(d)]
The final experimental setup, which is in fact the demonstrator of the final goal of the described robotic system, includes experiments in real conditions with all the abovementioned uncertainties included.
To validate the results, a visual confirmation that gives a ground truth of the tracking performance is made. A downlooking camera was mounted on the PlaDyPos to validate the tracking results for setups 2 and 3 (where real agents are being tracked). Position of the agent is determined within the image, and its distance to the center of the image is calculated in pixels. Based on the known size of the ROV and the diver, the measure in pixels is transferred to meters, giving ground truth of the tracking performance. Influence of the roll and pitch of PlaDyPos is compensated using the measurements from the inertial sensor. An example of the images obtained from the two setups is shown in Figure 10 .
The accuracy of the vision-based ground truth can be compromised if the camera orientation is not perfectly aligned with the gravity vector. The upper limit of the error in the observed position of the agent x D can be estimated by using a simplified model , tan
where z is the depth of the agent and a is the camera orientation with respect to the gravity vector. If the misalignment is not larger that , 5c a = the estimate of upper limit of the error is less than 10% of the depth of the agent.
Experimental Results
A large number of experiments, with previously described experimental setups, were conducted in June 2014 in Split, Croatia, at the Croatian Navy base. Position plots of all obtained results with a VD, ROV, and a human diver during transect following in three experimental setups are shown in Figure 11 . Even in these position plots, it can be seen that the variance of measurements depends on the experimental setup, from low variance in experiments with the VD to high variance in experiments with the human diver due to a large number of sources of uncertainty.
To get a clearer picture of the influence of different sources of uncertainty on the tracking error, results from each experimental setup are analyzed. Simulation results from setup 0 are omitted from this article to keep the focus on results obtained in real environmental conditions. The simulation results can be found in [10] .
Results for Setup 1: VD Tracking
The full experiment with the VD tracking in duration of about 10 min is shown in Figure 12 . While the results given in Figure 12(a) indicate that PlaDyPos was following the same path as the VD, the real VD tracking quality is observed from Table 2 . Metric for the uncertainties: mean tracking errors of agents (VD, ROV, human diver). Figure 12(b) . By applying (13) , the mean tracking error using both measured diver positions and the estimates is shown in Table 2 . Since this experimental setup is influenced only by the environmental disturbances and uncertainties caused by unmodeled dynamics, we conclude that these uncertainties cause the mean error of about 0.5 m. The error distribution, shown in Figure 13 , indicates an error median of about 0.12 m with the majority of tracking errors below 1 m with a smaller number of statistical outliers.
This error is mostly due to transients that occur when the VD is changing the direction of transect following, as shown in Figure 12(b) .
Results for Setup 2: ROV Tracking
The second experimental setup is designed to determine the influence of the acoustic positioning system in the divertracking scenario. Even though multiple experiments were performed [see Figure 11 (b)], the results in Figure 14 show only 10 min of the experiment, for the sake of clarity. Table 2 shows that the mean tracking error based on acoustic measurements in this setup is about 1 m, which lets us conclude that the inclusion of the acoustic sensor uncertainty increases the tracking error by 0.5 m. Observe the same increase in Figure 13 , where the sensor uncertainty increased the median tracking error to around 0.85 m. The number of outliers did not increase, but the measured tracking errors are more spread than in setup 1.
Results for Setup 3: Diver Tracking
Finally, setup 3 allows us to quantify the influence of the human diver. Diver-tracking results obtained from one single transect coverage in upward and downward direction are shown in Figure 15 .
It can be seen in the initial part of the experiment how PlaDyPos is converging above the diver. At around 290 s, Figure 15 (a) shows the system behavior in situations when USBL measurements are not available for a longer period of time due to acoustic channel occlusion caused by the diver uncertainties. The estimator keeps providing the estimated diver position, and PlaDyPos tracks this estimate. Almost 30 s later, the measurements are again available, and the estimated diver position converges to the measured diver position, together with the position of PlaDyPos, ensuring high quality tracking. It should be mentioned that the diver position estimator is satisfactory for shorter periods of measurement unavailability. The specific case of more than 30 s without measurements shows that diver motion cannot be estimated for a longer period of time. The tracking error during the experiment is shown in Figure 15 (b). It can be seen that, apart from the initial convergence phase and the phase when the measurements were not available, the error based on measurements is almost always below 2 m and the error based on diver estimates is below 1 m.
Mean tracking errors for all experiments with the divers are shown in Table 2 , not only the single transect shown in Figure 15 . The mean tracking error based on the measurements, compared Observe that the presence of the human diver has little influence on the median measured tracking error, as shown in Figure 13 . However, the increase of statistical outliers and the higher spread are attributed to the diver' s presence.
Ground-Truthing the Results
Since during the experiment both the diver and the ROV were tracking the transect at a depth of about 5 m, it was possible to detect them in the video image. The accuracy of the visual ground truth is estimated to about !0.5 m based on the error estimation analysis (due to misalignment of the camera with the gravity vector) provided before. It should be mentioned that at larger depths this type of validation would not be possible due to low visibility.
The tracking error based on video data is overlayed in Figures 14(b) and 15(b) , and the mean tracking error values are listed in Table 2 . These values are very close to the measured and the estimated mean tracking errors showing the accuracy of the results obtained from measured and estimated positions. It should also be mentioned that the difference between the setups 2 and 3 mean tracking error from video data is around 0.6 m, which shows that the influence of the human uncertainty determined by the acoustic measurements (0.8 m) and the estimated diver positions (0.9 m) are sufficiently accurate.
The mean error from the diver position estimates is lower due to inclusion of the diver estimator. However, it should be mentioned that if this error is too conservative, the diver motion is not estimated properly. By comparing this estimation with the video validation, we conclude that the diver estimator gives satisfactory results.
Open Data
The experiment described in this article was designed to allow future replication for comparison with new positioning sensors and methods. All software was implemented within the ROS (http://www.ros.org) framework which is used by the worldwide robotics community. During the experiments, all the relevant data were logged in an ROS bag format. Video validation footage was time stamped and logged into a separate ROS bag file due to its size. An a posteriori analysis of the experimental data was performed to identify and extract parts where actual tracking has taken place. Filtered bag files were loaded into MATLAB where the final analysis step was performed. The data and MATLAB scripts used during analysis are made publicly available at https://bitbucket.org/labust/diver-tracking, together with clear instructions on how to use the data. Making the data and scripts available in a Git repository makes future changes and contributions easily trackable.
Conclusions
The benchmark scenario of following a georeferenced transect laid on the seabed allowed us to execute replicable experiments with an ASV for diver tracking. Given that experiments with human divers introduce a large number of uncertainties, a structured step-by-step experimental plan was devised with the intention to identify the influence of uncertainties introduced by the environment, the unmodeled dynamics, the acoustic sensors, and the human diver. We have defined a metric in the form of a mean tracking error that allowed us to quantify influences of different uncertainties.
The results obtained using the surface vehicle tracking a VD have shown that the mean tracking error is around 0.5 m. When an ROV was used instead of the VD, uncertainties caused by the acoustic sensor were introduced, and the mean tracking error increased to around 1 m. In the final step, human diver and experimental uncertainties related to human factors (such as bubble emission) were introduced, significantly increasing the mean tracking error to 1.8 m.
The obtained data was validated against the ground-truth data provided by the video stream from which the distance of the ROV and the diver from the surface vehicle was determined. The obtained results confirmed the tracking quality attained from the experiments using the acoustic positioning device, and proved the accuracy of the diver-tracking system.
There is a large number of parameters in the control, tracking, and estimation system that can be tuned, and a large number of control, tracking, and estimation methods that can be implemented. All the obtained data and code are made available online for public use. The results provided in this article are set as a benchmarking performance and it is left to the whole interested community to compare, analyze, and improve the performance of the diver-tracking system by using different algorithms, sensors, and vehicles.
